The future production of irrigated fruit orchards in the Loess Plateau of China is threatened by a shortage of freshwater. To improve water use efficiency under conditions where irrigation is limited, it is necessary to quantify the root water uptake (RWU) of apple trees. The RWU of apple trees was estimated under surface irrigation using water stable isotope technology and the Hydrus-1D model. Using the Romero-Saltos and IsoSource models, the stable isotopes of water in stems, different soil depths, and different precipitation were analyzed in a 5-year-old dwarfing apple orchard during two seasons 2016 and 2017. Hydrus-1D model was able to simulate the RWU of apple using the maximum coefficient of determination (0.9), providing a root mean square error of 0.019 cm 3 cm −3 and a relative error of 2.25%. The results showed that the main depth of RWU ranged from 0-60 cm during the growth season, with the main contribution occurring in the 0-40 cm depth. These findings indicated that reducing the traditional surface irrigation depth will be important for improving the irrigation water use efficiency.
Introduction
With agricultural water resources around the world experiencing increasing shortages, research that explores how to effectively improve the efficiency of agricultural water use has become essential [1, 2] . The apple tree is the main income-generating fruit crop that is grown on the Loess Plateau in China [3] . Apple trees consume high levels of water and are frequently subjected to drought stress [4] , so are therefore more dependent on irrigation water to ensure both crop yield and quality [5] . Of the different irrigation techniques used, surface irrigation (SI), such as border irrigation, is the most simple and effective conventional method in China [6] . However, the water use efficiency (WUE) of SI is lower under conditions with higher soil evaporation and deep-water percolation. In these irrigated orchards, the traditional surface irrigation depths frequently exceed 100 cm [7] , however, the fine roots of apple trees are mostly distributed at a depth of 0-40 cm [8] , meaning that deeper soil water may not be utilized. Understanding the root water uptake (RWU) of apples is important to more effectively manage SI.
Water stable isotopes technology is a powerful tool for in situ studies of RWU [9] [10] [11] based on the fact that stable isotope fractionation does not normally occur during RWU and stem flow transport in plants [12, 13] . The RWU of the plant can be measured by quantifying the change in the oxygen and total precipitation of the experiment was 584. 4 The 5-year-old apple trees selected for the experiment were chosen with a uniform growth rate and tree diameter. Selected stocks were comprised of "Red Fuji" (Malus domestica Borkh.) section grafted onto Shao series (SH), interstack, and crabapple rootstock (Malus robusta Rehd), which were transplanted in 2015 with inter-row and in-row spacings of 2 × 4 m. In April 2016 and 2017, surface irrigation (border irrigation equipped with PE pipe, and the width and height of border were 2 m and 30 cm, respectively) was applied in the experimental site (100 × 12 m 2 , including 150 trees). The 6 representative trees selected for this study were completely randomized and located in the middle of the experimental site. According to local irrigation experience, irrigation was performed on 22 April, 1 June, and 6 September in 2016 and on 19 April, 17 May, 19 June, 19 July, and 16 August in 2017. Each irrigation amount was 45 mm (based on the maximum irrigation depth of 100 cm, and the irrigation limit of 60-90% of the field capacity (0.3 cm 3 cm −3 )), while total irrigation amount was 135 mm in 2016 and 225 mm and 2017, which accounted for 61% and 64% of the calculated crop evapotranspiration (ETc), respectively. The ETc was calculated according to the methodology described in El Jaouhari et al. (2018) [5] . Each year, the trees were fertilized with 600 kg ha −1 of urea, 150 kg ha −1 of superphosphate and 100 kg ha −1 of potassium sulfate. Taking samples only once a month may reflect the seasonal variations in root water uptake. For each tree sampled, 1-5 cm of lignified twigs were cut from the canopy in the four cardinal directions, and bark and green stem tissues were removed quickly in lower light conditions to avoid the possibility of fractionation of the water stable isotopes. At the same time, soil samples were collected by auger at depths of 0-20, 20-40, 40-60, 60-80, 80-100, 100-120, 120-140, and 140-160 cm. The location of the soil cores was 50 cm from the trunk, and four cores (2 cm in diameter) were collected, mixed, and the litter was removed to obtain one composite sample per tree. The twigs and soil samples were immediately placed in small vials sealed with Teflon-lined screw caps (Corning, NY, USA) and parafilm (Bemis NA, Neenah, WI, USA). Precipitation water samples were collected in vials through a funnel with a ping-pong ball placed over the spout to avoid fractionation caused by evaporation. All water samples were stored in a cooler with ice and then stored in the laboratory at −20 • C.
Isotope Sampling and Analysis
Soil and plant water were extracted by the cryogenic vacuum extraction method at 90 • C and 1 Pa. After extraction for approximately 2-3 h, the extracted water was pipetted from U-tubes into 2 mL glass vials for isotopic analysis. The δD and δ 18 O values were measured with a Picarro L2130-i analyzer (Picarro, Santa Clara, CA, USA) and calculated as follows:
where R sample and R standard are the ratios of the heavier to the lighter isotope of the sample and standard (Vienna Standard Mean Ocean Water, VSMOW), respectively. A micro-pyrolysis module (A0214) and ChemCorrect post-processing software were employed to remove the interference from organic material and correct the results. The measured values were calibrated to three standard samples (SLAP2, VSMOW2, and GISP) from the International Atomic Energy Agency. The δD and δ 18 O values of the water samples were determined with a precision of ±1 and ±0.1 , respectively. The Romero-Saltos and IsoSource models were selected to analyze RWU [23, 24] . The Romero-Saltos model can estimate the mean depth of root water uptake at a given time. It assumes that a given tree could take the uptake water from a normal distribution of a 50 cm vertical segment with a one-centimeter vertical resolution, with the mean depth of RWU at the center of the segment. Based on the principle of isotope mass balance, the IsoSource model is able to determine the range of the proportional contributions from each soil layer to the RWU. The mixture of different soil layers was divided into eight groups (0-20, 20-40, 40-60, 60-80, 80-100, 100-120, 120-140, and 140-160 cm). In this study, the input parameter increments were set as 1% solution, and a tolerance level of ±0.02% was counted as a feasible solution. Generally, there was no significant difference between the results obtained from δ 2 H and δ 18 O. Therefore, for each model, the δ 18 O value of the stem and soil profile water were used to calculate the mean depth and proportional contributions of RWU.
Hydrus-1D Model
The RWU of surface irrigated apples was simplified into one-dimensional in order to model the vertical RWU using the Hydrus-1D software package [32] . The governing equation for water flow is a modified form of the 1D-Richards equation as follows:
where θ is the volumetric water content (cm 3 cm −3 ), t is the time (day), h is the soil water pressure head (cm), z is vertical space coordinate (cm), K is the hydraulic conductivity coefficient (cm day −1 ), and S is the RWU rate (L day −1 ). Initial conditions in the study were set as the initial water content of the soil profile. The simulation study was conducted from 22 May to 17 October 2016 (from the 112 th to the 290 th day of the year) at a daily time step. The soil water content was measured weekly using time-domain reflectometry with intelligent micro-elements (TRIME, IMKO, Ettlingen, Germany). The measured soil moisture data from 21 May 2016 were used as the initial condition. The measurements were performed at 20-cm increments from 0 to 160 cm, 50 cm from the trunk. The upper and lower boundary conditions for water flow were described as the "atmospheric boundary condition with surface layer" and "free drainage", respectively.
The soil hydraulic properties were described using van Genuchten-Mualem constitutive relationships, as follows:
where θ s and θ r are the saturated and residual water contents (cm 3 cm −3 ), respectively, l is the tortuosity parameter, K s is the saturated hydraulic conductivity (cm day −1 ), S e is the effective saturation, and α, m, and n are the empirically fitted parameters. In this study, the soil depth from 0-160 cm were simplified as homogeneous soil. The soil input parameters are listed in Table 1 . To simulate the S (RWU), the Feddes model was applied without considering the osmotic stress:
where γ(h) is the water-stress function, the inherent water reduction term is h 1 = −10 cm, h 2 = −25 cm, h 3high = −500 cm, h 3low = −800 cm, and h 4 = −8000 cm. b(z) is the normalized root density distribution (cm −1 ), T P is the potential transpiration rate (cm day −1 ). Kc is the crop coefficient, estimated from a fraction of ground cover and plant height [41] . ET 0 is the reference crop evapotranspiration estimated via the Hargreaves method. k is an extinction coefficient, k = 0.463. LAI (leaf area index) values were measured during different seasons using an LAI-2200 (LI-COR Inc., Lincoln, NE, USA). In this study, the Hydrus-1D calibration was performed using the measured soil water content data from 2016. The simulation precision of the model was evaluated using the root-mean-square error (RMSE), relative error (RE), and the coefficient of determination (R 2 ), which were calculated as follows:
where θ s is the simulated soil water content (cm 3 cm −3 ), θ R is the measured soil water content (cm 3 cm −3 ), θ is the average soil water content (cm 3 cm −3 ), and l is the number of points measured.
Statistical Data Analysis
Analysis of Variance (ANOVA) and a correlation analysis were performed using the software package SPSS 17. The parameter normality test for ANOVA was conducted using quantile-quantile (Q -Q) plots in SPSS. Logarithmic transformation was required if the distribution was not normal. The least significant difference (LSD) test was used to compare means and the differences were considered significant at a level of p < 0.05.
Results and Discussion

Isotopic Composition of Precipitation, Soil and Stem Water
During the apple's growth seasons during 2016 and 2017, the stable isotopic values of precipitation water varied sharply (ranging from −0.6 to −18.9 for δ 18 O and from −8.1 to −136.7 for δD in 2016, and from −2.7 to −18.7 for δ 18 O, and from −14.7 to −138.9 for δD in 2017). The local meteoric water line (LMWL) fitted by the δ 18 O and δD of precipitation water was δD = 7.48 × δ 18 + 2.43 (R 2 = 0.971) in 2016, which lay below the global meteoric water line (GMWL, δD = 8 × δ 18 O + 10). The slope of LMWL would coincide with that of GMWL without the effect of evaporation, but in this study, the lower slope showed that atmospheric rainfall was greatly affected by evaporation during the landing process. Compared with 2016, the slope of LMWL (Figure 2 ) in 2017 was slightly lower because of higher air temperatures and lower humidity (Figure 1) For both growth seasons, the δ 18 O values of soil water varied between −4.3 and −14.9 , and the δD values of soil water varied between −44.6 and −115.6 . The slope of the soil water line was less than that of LMWL, which indicated the strong effect of evaporation on soil water in this area. When there was more vigorous fractionation along the depth of the soil profile, it became easier to distinguish the contribution from different soil depths. Figure 2 shows that the isotopic values of stem waterfall around these values of soil water. It indicated that the water source of apple trees come from the soil, while the precipitation must be converted to the soil water to be absorbed by roots [43] . Table 2 shows the mean depth of RWU as calculated by the Romero-Saltos model. Our Results agreed with other studies that showed that the use of different soil segments did not affect the final results [21, 23] , as no differences were seen between soil segments from 40, 50, and 60 cm. The depth of RWU during the growth season in both 2016 and 2017 ranged from 15-55 cm. For both years, the depth of RWU gradually increased from April to June as the water requirement of the apple trees increased [44] . During July and August, precipitation accounted for an average of 57% of the total amount of precipitation during the growth season and the depth of RWU stabilized within the first 40 cm. Sun et al. [45] also found that the upper soil layer (0-30 cm) contributed to 68% of the total tree water in the wet season. From September to October, the depth of RWU decreased to 45 cm. Using the IsoSource method, the mean proportional contribution to RWU during the two seasons from different soil layers is shown in Figure 3 . The RWU was concentrated in the first 0-40 cm for 67.7% of the time (average of both years). The 0-20 cm soil layer contributed the maximum to RWU during the growth season, except for October of 2017, with average contributions of 59.7% in 2016 and 53.1% in 2017. The contribution from the 0-20 cm layers decreased as the season progressed, while the contribution from the 20-40 cm layer increased from 3.3% to 14.7% in 2016, and from 6% to 36.5% in 2017; and the 40-60 cm layer increased from 1.6% to 11.9% in 2016, and from 2.7% to 16.6% in 2017, respectively. In 2017, after the 100-mm continuous rainfall event from 2 to 9 of October, the main RWU was measured on 12 th of October and was not found to be concentrated in the 0-20 cm soil layer as the results of 2016. This implies that either, (1) the higher soil water content would inhibit the root activity and RWU, as in this study, in the highest soil water content from 0-20 cm was 0.29 cm 3 cm −3 (accounting for 97% of field capacity). Gong et al. [46] also illustrated that the main root water uptake of apple was 40-100 cm after continuous rainy days. Or, alternatively, (2) the stability of water source is important for the strategy of RWU. For example, studies have demonstrated that riparian trees prefer to use more stable water sources such as groundwater, as opposed to surface water [12, 41] . The frequency histograms show the estimated ranges of proportional contributions of water from the main soil depth to the total apple water uptake, the x-axis was the proportional contribution from 0 to 1, and the y-axis was the frequency. The error bars are the standard deviation.
The Depth of RWU and the Proportional Contribution of Soil Water to Apple Trees
Evaluation of Models of the RWU Rate for Apples at Different Soil Depths
As shown in Figure 4 , the simulated values fit well with the measured values. The slope of the linear equations from 0-160 cm ranged from 0.922 to 1.22, and the coefficients of determination (R 2 ) ranged from 0.759 to 0.924. The RMSEs at different soil depths were not higher than 0.019, and their REs were not higher than 2.25%, which were classified as an acceptable range [47] . In this study, the established Hydrus-1D model had a high degree of accuracy when simulating soil water infiltration processes in surface-irrigated apple orchards. Figure 5 illustrates that the RWU of apples decreased sharply with depth and that most uptake occurred in the upper soil layer. The main range and intensity of RWU of apple initially increased then subsequently decreased over time and reached the maximum during July. The RWU rate was higher in the 0-60 cm soil layer and accounted for an average of 60% of the total RWU rate during both seasons. Using a numerical model, Green and Clothier [48] also found that when surface soil layers were uniformly wet, 70% of mature apple trees' RWU occurred in the top 40 cm of the root zone. Besharat et al. [49] showed that the maximum RWU was at a depth of 10-50 cm using the 2-dimensional model of apple trees. Compared with the results by the isotopic method, in the October 9 of 2017 (Figure 5b ), we did not find the increasing rate in the 20-40 cm layer than that of 0-20 cm. In this study, the root distribution was considered by the Hydrus-1D model. However, the morphological structure of roots cannot always represent the RWU ability [15, 16] . Thus, RWU cannot be indicated solely by relying on root distribution [17, 44] . Further studies are therefore needed to consider the effect of water stability on our model, and it would be better to use a deuterium or oxygen-based labeling technique [10] to further study that phenomenon.
Over two years of data were gathered to estimate the main depth of an apple tree's RWU under SI. The δ 18 O and Hydrus-1D methods were used to analyze variations in the RWU given the field data, which ranged from 0-60 cm during the growth season, but was concentrated at depths of 0-40 cm depth. Although apples are deep-rooted [3] , the zone of RWU was in the shallow profile under surface irrigation in this study. For this reason, a deep irrigation depth of surface irrigation would increase the percolation below the root zone. Compared with the traditional irrigation depth of 100 cm, each irrigation amount of a dwarfing apple tree could save about 60% of water if the irrigation depth is assumed to be 40 cm and the irrigation limit is assumed to be 60-90% of the field capacity (0.3 cm 3 cm −3 ) used by drip or sprinkle irrigation. On the other hand, it is hard to resist a continuing drought for the shallow RWU of trees via less irrigation water in the Loess Plateau of China. Therefore, developing water-saving irrigation systems (such as subsurface drip irrigation and partial root-zone wetted irrigation), which could improve the RWU and soil water availability in the deeper soil profile, will be necessary to achieve the efficient utilization of water resources.
Conclusions
Surface irrigation is commonly used for dwarfing apple orchards in the major apple production areas in China. Under the present irrigation practices, the main depth of RWU of an apple tree is 0-60 cm using the water stable isotopes technology and Hydrus-1D model. The results suggest that the soil layer from 0-40 cm was the main zone that contributed to the RWU. To increase the irrigation efficiency for apple in this region, these results suggest that by reducing the irrigation depth, the water-savings can be increased. These findings are important for planning optimal agricultural water management practice and irrigation schedules in apple orchards in the Loess Plateau in China.
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